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Introduction
The wetting behaviour of natural superhydrophobic surfaces has been studied for well over half a century [1] [2] [3] [4] . Many organisms have now been identified to possess superhydrophobic structures, most notably a large number of plants and insects [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The most famous of these, and perhaps the archetype for natural superhydrophobic surfaces, is the lotus leaf [16] . Natural surfaces such as this have inspired the fabrication of countless synthetic analogues in an attempt to reproduce the extremely low wettability and other associated desirable properties of these substrata [17] [18] [19] [20] [21] . Given their significance as the templates on which new superhydrophobic materials are based, it is the intention of this review to discuss the mechanisms of superhydrophobicity with respect to natural surfaces, and identify the factors that make them extremely effective at repelling water.
Evolutionary benefits associated with low wettability
From an evolutionary perspective, there are several benefits associated with the ability to repel water. First and foremost, the ability to easily shed droplets prevents an organism from becoming encumbered by water [13, 22] . This is highly relevant to many insects, especially those that live in or near aquatic environments. Adhesion of water droplets increases the load an insect must bear, and therefore increases the energy that needs to be expended for locomotion. The associated consequences are obvious, ranging from the inability to evade predators to the inability for the insect to successfully forage.
The second major benefit is the 'self-cleaning' effect that is bestowed through the condition of superhydrophobicity. The low adhesion of water to a superhydrophobic surface enables the droplet to roll/slide across the surface with ease, and in the process sweep away contaminating particles through adsorption or absorption [10, 23] . The archetype lotus leaf is the prime example of this effect; it has long been renowned for its ability to stay clean under a range of environmental conditions [16, 24] . This means that in addition to repelling water, superhydrophobicity allows an organism to repel foreign particles, such as dirt, dust and fungal spores.
Contributing factors that determine hydrophobicity
The hydrophobicity of a surface can be measured as a function of the water contact angle [25] [26] [27] . It is a continuous scale that ranges from a contact angle of 0°for a surface that is able to be completely wet by water, to 180°for a surface that is completely non-wetting in nature. Therefore, the classification of surfaces as being superhydrophobic, hydrophobic, hydrophilic or superhydrophilic is somewhat arbitrary. Nevertheless, for the sake of an intuitive understanding of these definitions, it is useful to define the range of water contact angles that apply for each category. It is generally accepted that the water contact angle on a superhydrophilic surface is between 0°and 10°, a hydrophilic surface between 10°and 90°, a hydrophobic surface between 90°and 150°, and for superhydrophobic surfaces, a contact angle in excess of 150°is observed [28] [29] [30] [31] [32] . It has been suggested that 65°may be a more appropriate boundary to distinguish hydrophobicity from hydrophilicity [32] , however 90°is the more commonly adopted contact angle for this definition. In addition, it is generally accepted that to be categorised as a superhydrophobic surface, a surface should also display low degrees of contact angle hysteresis together with a low sliding angle [33, 34] .
Two main wetting regimes have been accepted throughout the literature, i.e. the Wenzel and Cassie-Baxter wetting regimes [2, 3] . Briefly, in the Wenzel regime, a water droplet is said to penetrate and wet the spaces between the features on a rough surface. In this case, the cosine of the observed contact angle, θ, is expressed as a function of the Wenzel roughness factor, r, and the theoretical contact angle of a water droplet on an ideal smooth surface of the same component material, θ smooth : cosθ ¼ r cosθ smooth :
In the Cassie-Baxter regime, the inability of water to fully penetrate between the surface features leads to the entrapment of air pockets, which in turn increases the observed water contact angle. In this case, the cosine of the observed angle is described as a function of the area fraction of the solid/liquid interface on the contact line, f, and θ smooth :
The Wenzel and Cassie-Baxter wetting regimes have both been extensively utilised and reported throughout the literature, and it is generally assumed that any water droplet on a rough surface is in either the Wenzel or Cassie-Baxter state, or an intermediate between the two, sometimes referred to as a 'Cassie-impregnating' state [35, 36] .
The chemical composition of a surface is also well known to be the second contributing factor in determining the wettability of a surface [2, 3, 37, 38] . Its effects are substantial when the wettability of a smooth surface is being considered, however with increasing surface roughness, the physical structure plays an increasingly important role in the determination of the observed contact angle [1, 2] . When considering surface wetting in the Cassie-Baxter state, it is at least theoretically possible to achieve a water contact angle of 150°on a material that, if smooth, would otherwise be wet completely, provided that the solid/liquid interface fraction is limited to approximately 0.07 (Fig. 1 ). While this is likely to be impossible to achieve in practice, it serves to demonstrate the important contribution of surface structure to the superhydrophobicity of a surface. It is notable that in the case of the feet of water striders in contact with water, the solid/ liquid interface fraction has been reported to be as low as 0.03 [39] . For these reasons, the surface structure and topography of natural superhydrophobic surfaces will be the primary focus of this review.
Superhydrophobic structures found in nature

Plants
Plants are by far the best-characterized of all the organisms that have been identified to possess superhydrophobic surfaces. The works of Neinhuis, Barthlott, Bhushan and Koch have provided a great insight, together with a systematic analysis, into the various surface structures amongst plants from diverse habitats [5, 7, 16, 24, [40] [41] [42] [43] [44] . Generally speaking, the structure of the outer surface of plants is determined by a combination of two factors: the morphology of the epidermal cells in question, and the layer of cuticular waxes and lipids usually present on the external extremity of the surface [5, 30] . Both the epidermal cells and cuticular waxes can exhibit a variety of morphologies, the combination of which can result in a diverse range of surface architectures.
In 1998, Barthlott et al. developed a classification system for the description of plant cuticular wax structures [5] . According to this system, cuticle wax morphologies can be grouped into two main categories, each containing several sub-groupings. The first category is the layers and films, which generally consist of relatively flat, homogeneous coatings on the surfaces of plants ( Fig. 2a-d ). These structures can be further sub-classified as films, smooth layers, fissured layers and crusts, primarily according to the thickness of the wax layer and its tendency to form cracks and fissures on drying. The second category of wax structures, however, is far more relevant to superhydrophobic phenomena, as all known superhydrophobic plant structures belong to this group. They are the wax crystals, and many different crystal morphologies have been described in the literature [41] [42] [43] [45] [46] [47] . The wax crystals can be further divided into plates/platelets, and rodlets/tubules. Platelets are flat and thin structures that are attached to the underlying substrate via one edge (Fig. 2e) . They may be rounded with entire margins that can be either irregular or membranous in nature. Plates, as opposed to platelets, are often polygonal and usually have distinct edges. Rodlets, on the other hand are relatively cylindrical or slightly conical in shape (Fig. 2g) . They can have a variety of cross-sections, e.g. circular or polygonal in shape, and sometimes possess transverse ridges or form coils. Tubules are similar to rodlets in terms of their size and aspect ratios, however as the name suggests, they resemble hollow cylinders (Fig. 2f) . Threads are another wax crystal structure similar to rodlets, differing primarily in that they are much longer, with higher aspect ratios (Fig. 2h) .
The vast majority of plants with superhydrophobic surfaces exhibit hierarchical surface features, consisting of microscale roughness (i.e. features greater than 1 μm in diameter), as a result of epidermal cell morphology, supplemented with nanoscale roughness (features less than 1 μm, typically 200 nm or less) resulting from the presence of wax crystals. The best-known example of a superhydrophobic plant surface, the lotus leaf, possesses microscale (~10 μm) papillae covered with nanoscale wax tubules (b200 nm) [16, 24, 50] . Many other plants possess hierarchical structures, and a number of examples of superhydrophobic plants containing all of the major wax crystal structures are known [5, 11, 43, 48, 49] . Some plants are able to achieve superhydrophobicity with a relatively flat and smooth microstructure; the flat microstructure is compensated by the presence of dense wax crystal structures on the surface which render them superhydrophobic; however these plants typically do not retain their superhydrophobicity over their entire lifetime [5, 51] .
Insects
Insects are perhaps the second highest studied group of organisms that possess superhydrophobic structures. While comparably fewer systematic studies have been conducted on insect surface structures compared to that of plants, many papers have reported the superhydrophobic nature of various insect wings [13, [52] [53] [54] [55] [56] [57] [58] , and some works have attempted to classify insect cuticles present on the wings according to their structure. Notably, Byun et al. characterized the surface structures of the wings of 24 different species of insects from across 10 orders, including the measurement of water contact angles [8] . They classified the wings of all tested species into one of four general cuticular structures: layered cuticles, fractal structures, denticles and setae.
Layered cuticles refer primarily to butterflies and related insects belonging to the order Lepidoptera. The wings of these insects typically exhibit very high water contact angles (greater than or equal to 150°), and in addition display anisotropism both in terms of their wettability and structure [9, 15, 59] . The wings are covered in many overlapping micro-sized (typically 10 μm-100 μm) scales oriented in the one direction, with the structure of each scale consisting of parallel ridges running along the long axis of the scale, connected by horizontal links and covered with multiple nano-sized (b 1 μm) protuberances (Fig. 3a) . In addition to exhibiting superhydrophobicity, the directionality of these structures also produces anisotropic wetting characteristics in that water droplets preferentially roll off of the wing in one direction [15] .
Fractal structures appear more irregular and random in comparison to other cuticular structures [8, 13, 58] . They can be regarded as fine, irregular protrusion that appear randomly oriented and do not generally display any directionality (Fig. 3b) . The individual features of fractal structured surfaces are usually quite small, i.e. sub-micron/nanoscale, which makes them particularly well-suited to maintaining the Cassie-Baxter state. As a result, much like layered cuticles, fractal structures also typically result in the superhydrophobicity of the surface [8, 13, 58] . Examples of superhydrophobic insects with fractal structures on their wings include the orders Odonata (e.g. dragonflies), Neuroptera (Lacewings) and Epehemeroptera (Mayflies).
The term 'denticle' literally describes any 'tooth-like' projections [8] . In relation to insect cuticles, denticles can be found in a variety of different morphologies, ranging from convex hemispheres to conical nanopillars (Fig. 3c) . Given their variety of morphologies, denticle-structured surfaces can also exhibit a wide range of surface wettabilities, for example the surface of the wings of Chrysomela populi leaf beetles has been reported to possess denticle structures and exhibit water contact angles of 30° [8] , while the nanopillartype denticles on the wings of Psaltoda claripennis cicadae result in water contact angles of approximately 159° [57] . Superhydrophobic insects with denticle structures include members of the order Orthoptera (e.g. grasshoppers) and Hemiptera (esp. cicadae).
Setae are hair-like structures, somewhat analogous to the thread structures found in plants. They are long, narrow columns, usually tapered at the tip (Fig. 3d) . Setae are generally microscale in size (e.g. 20 μm-50 μm in length), and most often are not particularly hydrophobic, let alone superhydrophobic [8] . One known exception, however, is found on the wings of a species of horsefly, Tabanus chrysurus, of the order Diptera, which were reported to exhibit water contact angles of 156° [8] . The setae on the surface of the wings of T. chrysurus are approximately 20 μm in length, and possess nanoscale ridges and grooves, approximately 800 nm in periodicity. These 'nanogrooves' appear to be crucial to the formation of superhydrophobic setae. By comparison, other insects with setae of similar length but without the nanogrooves being present, can typically only achieve water contact angles no more than 100° [8] . The observation that nanoscale groove structures Fig. 1 . The relationship between material wettability (θ smooth ) and the proportion of air trapped within a rough surface. According to the Cassie-Baxter model of wettability, a water droplet in contact with a rough surface will exhibit a water contact angle that is a composite of the water contact angle of the material itself and of the air/water interfacial contact angle (i.e. 180°) due to the presence of air bubbles trapped within the features of the surface. can induce superhydrophobicity on a structure that would otherwise be substantially more wettable is another indication of the importance of nanostructure in superhydrophobicity.
Pseudo-superhydrophobic organisms
There are a few organisms that are generally accepted as superhydrophobic that were not discussed in Sections 3.1 and 3.2. Rose petals and gecko feet are famous for possessing interesting properties that are not commonly found amongst the superhydrophobic materials (Fig. 4) . The hierarchical surface structure of rose petals causes water droplets to strongly adhere, despite large observed contact angles [7, 35, 60] ; and the microscale setae (~100 μm) on the soles of gecko feet are responsible for the reptile's remarkable ability to climb most types of surfaces [61] [62] [63] [64] . There is some debate with regard to the relevant surface forces involved in the adhesion of gecko feet to surfaces, and many quality papers are available in the literature on this research [65] [66] [67] [68] , however this topic is outside the scope of this review. However, these surfaces should be only considered to be pseudo-superhydrophobic, as each of them fails to meet one of the prerequisites for superhydrophobicity; both surfaces display high droplet adhesion and hysteresis, despite having static contact angles in excess of 150° [28, 30] .
Metastability of superhydrophobic surfaces
The adhesion of water droplets to gecko feet and rose petals is due to significant pinning of the water droplet between the surface features, which increases the solid/liquid contact area [35, 60, 64, 69] . A droplet in the Cassie-impregnating or Wenzel state penetrates the spaces between the surface features, and thus experiences higher adhesive force to the sample. In the case of both the gecko foot and rose petal, this pinning effect comes about as a result of the scale of the morphological features of their surfaces. Like lotus leaves, rose petals are covered with microscale papillae, however they are slightly broader (approximately 15 μm) and spaced further apart in the latter case [35, 60] . In addition, the nanoscale cuticular folds (irregular periodicity, b 1 μm) on the rose petal are confined mainly to the upper regions of the papillae. As a result, water is more readily able to penetrate between the microscale structures on the surface of the petal. Similarly, the hierarchical structures on the soles of gecko feet are relatively large compared to the structures found on superhydrophobic plants and insects, and as a result, any water coming into contact with them strongly adheres to the surface [64, 69] .
In work reported by Zhang et al., the role of microstructure and nanostructure of surfaces in determining the static contact angle and degree of pinning of water droplets by superhydrophobic surfaces was mathematically determined [70] . In this work, microscale structures were considered in the range of 2 μm-24 μm, and nanoscale structures were regarded to be less than 10 nm. They found that the prime determining factor of the static contact angle of a surface was the dimensions of the nanoscale structures present on the surface, and that the microscale structure did not play a significant role. When the space between the nanoscale features was increased, the calculated contact angles rose slightly, before dropping sharply. Contact angles also initially rose sharply with increasing nanofeature height, and continued to approach a maximum value, however this occurred more slowly as the height of the nanofeature continued to rise. By contrast, varying the dimensions of the microscale structure had almost no effect on the static contact angle, however it was found to be the main contributor to the degree of contact angle hysteresis.
The method used by Zhang et al., in an attempt to resolve the roles played by both the nanoscale and microscale features in the wetting process, is open to interpretation, however their results agree well with the wetting behaviour that is observed in nature. The common feature amongst superhydrophobic surfaces is the presence of sophisticated nanoscale structures. It is often postulated that hierarchical roughness is necessary to achieve superhydrophobicity, however examples exist that defy this supposition. The leaves of Brassica oleracea do not possess substantial microscale roughness, but are covered in dense nanoscale wax crystals [5, 51] . Similarly, the wings of many insects, such as cicadae and dragonflies, do not possess substantial microscale roughness but do exhibit very high water contact angles [13, 57, 58, 71, 72] . The importance of Fig. 3 . Common surface nanomorphologies amongst superhydrophobic insect surfaces. The multilayered cuticles of butterfly wings consists of numerous micron-sized scales (a), oriented in the same direction, each of which is formed by cross-linked nanoscale ribs (inset). Dragonfly wings are covered by a seemingly disordered fractal structure (b, scale bar = 400 nm), which are highly effective at maintaining superhydrophobicity. In contrast, the array of highly-ordered nanopillars on the surface of cicada wings is an example of a superhydrophobic insect surface with denticle structures (c, scale bar = 2 μm). The fourth common structure amongst insect surfaces is hair-like setae, such as that of the surface of beetle elytra (d), however these structures are not usually superhydrophobic. Adapted with permissions from [13, 15, 54, 57] . nanoscale structures in determining superhydrophobicity is also evident when considering the wings of T. chrysurus; setae structures generally do not impart superhydrophobicity to a surface, however when the setae possess nanoscale grooves (such as in the case of T. chrysurus), the resulting surface becomes superhydrophobic [8] . In addition, when nanoscale structure is missing from portions of a surface, as is found on rose petals, those areas become much more wettable, which can lead to high contact angle hysteresis and greater levels of adhesion [35, 60] .
Summary and conclusions
Despite the fact that many natural superhydrophobic surfaces contain hierarchical surface roughness on the micro-and nanoscale, it is the major conclusion of this work that the presence of this topographical hierarchical roughness alone is not strictly necessary to achieve water contact angles in excess of 150°. Some plants, and many insects, possess sufficiently rough nanotopographies without substantial amounts of microscale roughness, but are able to maintain their superhydrophobicity. In some cases, such as with rose petals and gecko feet, the microscale structure is the causal factor that prevents the surface from being able to be classified as superhydrophobic, due to the establishment of strong pinning effects. It is the scale of the surface topography that is the main contributing factor in determining wettability; in order to be regarded as superhydrophobic, a surface must be rough on a sufficiently small, i.e. nano, scale. As is so often the case with physical phenomena such as wetting, size is a key consideration.
